The human immunodeficiency virus (HIV) envelope protein gp120 promotes axonal damage and neurite pruning, similar to that observed in HIV-positive subjects with neurocognitive disorders. Thus, gp120 has been used to examine molecular and cellular pathways underlying HIV-mediated neuronal dysfunction. Gp120 binds to tubulin beta III, a component of neuronal microtubules. Microtubule function, which modulates the homeostasis of neurons, is regulated by polymerization and post-translational modifications. Based on these considerations, we tested the hypothesis that gp120 induces dynamic instability of neuronal microtubules. We first observed that gp120 prevents the normal polymerization of tubulin in vitro. We then tested whether gp120 alters the post-translational modifications in tubulin by examining the ability of gp120 to change the levels of acetylated tubulin in primary rat neuronal cultures. Gp120 elicited a time-dependent decrease in tubulin acetylation that was reversed by Helix-A peptide, a compound that competitively displaces the binding of gp120 to neuronal microtubules. To determine whether post-translational modifications in tubulin also occur in vivo, we measured acetylated tubulin in the cerebral cortex of HIV transgenic rats (HIV-tg). We observed a decrease in tubulin acetylation in 5-and 9-month-old HIV-tg rats when compared to agematched wild type. Neither changes in microglia morphology nor alterations in mRNA levels for interleukin-1b and tumor necrosis factor a were detected in 5-month-old animals. Our findings propose neuronal microtubule instability as a novel mechanism of HIV neurotoxicity, without evidence of enhanced inflammation.
long-term viral presence contributes to cognitive and motor impairments termed HIV-associated neurocognitive disorders (HAND) (McArthur et al. 2005; Spudich and GonzalezScarano 2012) . Impaired cognition in HAND has been proposed to be caused by synaptodendritic injury (Masliah et al. 1997; Carey et al. 2006) ; nevertheless, the molecular events underlying the synaptic simplification during HIV infection remain poorly understood.
Viral proteins, such as Tat and gp120, replicate the pattern of HIV-mediated synaptic pruning in animal models (Toggas et al. 1994; Kim et al. 2003) which has led to further use of these viral proteins to investigate the molecular mechanisms of HIV neurotoxicity. It has been demonstrated that gp120 can be endocytosed into neurons (Bachis et al. 2003; Berth et al. 2015) . Upon entry into the neuron, gp120 is axonally transported Teodorof et al. 2014 ) and binds, with high affinity, to the carboxy terminal tail of neuronal-specific tubulin b-3 (TUBB3), through a conserved a-helix region (Avdoshina et al. 2016b) . TUBB3 is a main component of neuronal microtubules (MTs). MTs regulate intracellular axonal transport of vesicles and other organelles, including mitochondria, which are important for cellular maintenance and survival. Gp120 alters both mitochondrial morphology and their transport along MTs in a manner similar to that observed in post mortem brains of HAND subjects (Avdoshina et al. 2016a) . Thus, it is plausible that there is an association between altered MT dynamics and gp120 neurotoxicity. However, this hypothesis has never been tested.
Changes in the integrity and/or dynamics of MTs are sufficient to alter trafficking in neurons and lead to neuronal atrophy (McMurray 2000; Cartelli et al. 2010; Baird and Bennett 2013; Brunden et al. 2014) . MTs are formed by a-and b-tubulin heterodimers, which are arranged in a head-to-tail fashion, forming structurally polarized linear protofilaments. Their assembly is a dynamic and tightly controlled process. Post-translational modifications (PTMs) in tubulin regulate the functional specialization of MTs (Wloga and Gaertig 2010; Janke 2014) . Moreover, PTMs of tubulin provide structural domains for interaction with motor proteins such as kinesin-1 (Peris et al. 2009; Hammond et al. 2010) , as well as MTassociated proteins (Kumar and Flavin 1982; Chapin and Bulinski 1994; Nogales 2000; Erck et al. 2005) .
Tubulin undergoes several PTMs including acetylation, which occurs after tubulin polymerization at a-tubulin Lys40 and is preserved in all a-tubulin isoforms. In mature neurons, acetylated tubulin is particularly rich in the proximal site of axons, which is involved in intracellular transport. Increased tubulin acetylation promotes the accumulation of active kinesin-1 and consequently, improves axonal transport (Hammond et al. 2010) . In contrast, inhibition of acetylated a-tubulin in cortical neurons inhibits the trafficking of vesicles containing brain-derived neurotrophic factor (Dompierre et al. 2007 ), a trophic factor that has a potent neuroprotective activity against gp120 . Moreover, inhibition of tubulin acetylation often results in pruning of neuronal processes (Dompierre et al. 2007; Wloga and Gaertig 2010) , a pathological hallmark of HAND. Thus, tubulin acetylation may play a role in HIVmediated neurotoxicity.
In considering the potential interaction between gp120 and MTs as an underlying contributing factor to neuronal dysfunction in HAND, we examined the ability of gp120 to interfere with MT polymerization and change tubulin acetylation. We report that gp120 inhibits normal MTs polymerization and alters typical PTM patterning. We propose that synaptic injury seen in HAND could be caused by gp120 ability to negatively affect neuronal cytoskeletal structure and function.
Materials and methods

Materials
The viral protein gp120IIIB was purchased from Immunodiagnostics Inc., Woburn, MA, USA. Helix-A peptide was synthesized by and purchased from Genscript, Piscataway, NJ, USA, and coupled to nanoparticles as previously described (Avdoshina et al. 2016b) . All other chemicals were commercially obtained, reagent grade.
Tubulin polymerization assay MT assembly was assessed using tubulin polymerization assay according to the manufacturer's instructions (Cytoskeleton Inc., Denver, CO, USA). Purified porcine tubulin proteins (> 99% purity) were suspended in general tubulin buffer containing 80 mM piperazine-N,N 0 -bis(2-ethanesulfonic acid), 2 mM MgCl 2 , 0.5 mM EGTA, 1 mM Guanosine-5 0 -triphosphate (pH 6.9) and 15% glycerol in the absence or presence of indicated compounds at 4°C. The mixture was immediately transferred to pre-warmed 96-well plates, and the rate and extent of tubulin polymerization was determined by monitoring the turbidity of a solution containing purified porcine brain tubulin at A 340 . The final concentration of tubulin in the reaction was 3 lg/mL. Paclitaxel, which stabilizes MT polymer and protects it from disassembly (Amos and Lowe 1999) , was used as a positive control for the polymerization reaction. .2% a-linolenic acid, 0.03% AA, 0.02% eicosapentaenoic (20 : 5 n-3), and 0.06% docosahexaenoic acid (22 : 6 n-3).
Animals
Rat cortical neurons
Primary rat cortical neurons were prepared from the cortex of embryonic day 17-18 Sprague-Dawley rats (Charles River, MA, USA) following an established protocol (Avdoshina et al. 2016a,b) . Cells were seeded (0.5 9 10 6 /mL) onto poly-L-lysine pre-coated plates or glass coverslips in Neurobasal Medium containing 2% B27 supplement, 25 nM glutamate, 0.5 mM L-glutamine, and 1% antibiotic-antimycotic solution (Invitrogen, Carlsbad, CA, USA). Cultures were grown at 37°C in 5% CO 2 /95% air for 7 days prior to the experiments. At day 7 in vitro, cell cultures contained 95% neurons as characterized for microtubule-associated protein-2 or class III b-tubulin positivity, as previously described (Avdoshina et al. 2016a,b) .
Immunohistochemistry HIV-tg and age-matched wt rats were lightly anesthetized with CO 2 , decapitated, and the brain excised from the cranium. Brains were fixed by immersion in 4% paraformaldehyde/0.1 M phosphate buffer for 18 h followed by 30% sucrose cryoprotection. Fifty-lm freefloating coronal serial cryo-sections of the forebrain were stored in solution (FD Neurotechnologies, Baltimore, MD, USA) at À20°C. Five sections (between +1.0 and 0.4 mm from bregma) were washed with phosphate-buffered saline (PBS), equilibrated to 23°C, transferred to 10 mM citrate buffer containing 0.05% Tween-20 and incubated 30 min at 80°C. Sections were then rinsed in PBS and incubated 2 h in blocking solution (2% goat serum, 1% bovine serum albumin, and 0.1% Triton X-100 in automation buffer (Biomedia, Foster City, CA, USA)). Sections were incubated with an antibody against ionized calcium-binding adapter molecule 1 (Iba-1, 1 : 500, Dako, Glostrup, Denmark) in blocking solution for 18 h at 4°C, reequilibrated to 23°C, washed with PBS, and incubated with Alexa Fluor antibody conjugates (1 : 250, Invitrogen) in blocking solution without Triton X-100 for 2 h at 23°C. Defined regions of interest were identified in the motor cortex, somatosensory cortex, and piriform cortex and standardized across plane of cut for each rat. Digital images of immunostaining were collected using a LSM 410 inverted confocal laser-scanning microscope (Carl Zeiss, Oberkochen, Germany). Image stacks were collected at 1.5 mm steps (20 9) or 1.0 mm steps (63 9) and displayed as a single image using 3D maximum projection.
Real-time polymerase chain reaction (qPCR)
Five-and 9-month-old HIV-tg and wt rats were lightly anesthetized with CO 2 , decapitated, and the brain excised from the cranium. The motor and somatosensory cortex were dissected on ice and immediately frozen on dry ice, and stored at À80°C. Cortical tissue (100 mg) was homogenized in Qiagen â lysis solution and total RNA was isolated by phenol-chloroform extraction using a RNeasy â lipid tissue mini-kit (Qiagen, Valencia, CA, USA) and 2 lg total RNA was used for reverse transcription (SuperScript TM II, Invitrogen). qPCR was carried out on a Perkin Elmer ABI PRISM 7000 sequence detection system using 2.5 lL cDNA as a template, in combination with 1 A~Power SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA), and optimized forward and reverse primers for tumor necrosis factor alpha (TNFa) or interleukin-1 beta (IL1b). The 50 lL reaction mixtures were held at 50°C for 2 min, 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 1 min at 60°C. Amplification curves were generated with sequence detection system 1.9.1 software (Applied Biosystems). Mean-fold change in threshold cycle values over timematched saline vehicle controls was calculated according to the DDCT method (Livak and Schmittgen 2001) and normalized to ribosomal protein L32. Data (n = 4 per group) are expressed as the relative level of the target gene as fold change from control.
Western blot analysis
Cortical tissues or cortical neurons were homogenized in RIPA buffer (Millipore, MA, USA) containing protease-phosphatase inhibitors (ThermoFisher Scientific Inc., Waltham, MA, USA) by sonication at 4°C. Proteins were separated on a NuPAGE 4-12% Bis-Tris gel (Invitrogen) and transferred to a nitrocellulose membrane using iBlot device (Invitrogen). Membranes were blocked for 30 min with 5% milk in PBS and 0.05% Tween and probed with anti-acetylated a tubulin (1 : 50 000; Sigma Aldrich, St. Louis, MO, USA) in blocking buffer 1 h at 23°C. Immune complexes were detected with the corresponding secondary antibodies (Jackson ImmunoResearch, West Grove, PA, USA; 1 : 10 000 dilution) followed by chemiluminescence reagents (ThermoFisher Scientific Inc.). Membranes were stripped with Restore Western Blot Stripping Buffer (Invitrogen) for 30 min at 37°C and re-probed with anti-a-tubulin (1 : 50 000; Sigma Aldrich) in blocking buffer 1 h at 23°C to serve as a protein loading control. The intensity of immunoreactive bands was quantified as optical density using ImageJ (National Institute of Health, Bethesda, MD, USA). The ratio of optical densities of acetylated tubulin band relative to a-tubulin for each individual sample was calculated for data analysis.
Synthesis and characterization of Helix-A nano
Reagents for and details of the synthesis of mesoporous silica nanoparticles (MSNs) are described elsewhere (Avdoshina et al. 2016b) . Briefly, a modified St€ ober reaction was used to synthesize MSNs. MSNs were modified with 3-(aminopropyl) triethoxysilane (APTES), 2% APTES and 5% Millipore water by volume in 2-propanol at a concentration of 1 mg nanoparticle/mL APTES solution at 35°C for 2 h under constant and vigorous agitation. MSNs-APTES was conjugated to Helix-A peptide via N-(3-diethylaminopropyl)-N'-ethylcarbodiimide hydrochloride/sulfo-NHS coupling reaction and activated in a solution of 2 mM N-(3-diethylaminopropyl)-N'-ethylcarbodiimide hydrochloride/5 mM sulfo-NHS in 0.1 M MES and 0.5 M NaCl for 15 min at 1 mg/mL, as previously described (Avdoshina et al. 2016b) . One mg of MSN-APTES was dispersed in the reaction solution for conjugation for 2 h at 23°C constant and vigorous agitation. The reaction was quenched with the addition of 10 mM hydroxylamine HCl. Dynamic Light Scattering and Zeta (f)-potential characterization were performed using a Zetasizer ZEN3600 (Malvern, Worcestershire, UK), as previously described (Avdoshina et al. 2016b ).
Statistical analysis
Statistical analyses were performed using GraphPad Prism software (GraphPad Software Inc., San Diego, CA, USA). Results are expressed as mean AE SE. Data were evaluated for homogeneity of variance prior to analysis. Data from two-group comparisons by Student's t-test or one-way ANOVA followed by multiple comparisons by Tukey's test. Statistical significance was set at p < 0.05.
Results
Gp120 disrupts tubulin polymerization
To examine whether the reported binding of gp120 to TUBB3 (Avdoshina et al. 2016b) alters MT polymerization, we tested the ability of gp120 to inhibit tubulin polymerization in vitro. As a positive control, we used the anti-mitotic drug paclitaxel, which stabilizes MT structure (Amos and Lowe 1999) . Purified tubulin from porcine brain was incubated with gp120IIIB or heat-inactivated gp120 and optical density was measured as absorbance over time as originally described (Shelanski et al. 1973; Lee and Timasheff 1977) . While paclitaxel showed a clear elimination of the nucleation phase and increased the V max of the growth phase, gp120 elicited a reduction in nucleation, elongation, and equilibrium phases, suggesting a decrease in tubulin polymerization and MT formation (Fig. 1) .
Gp120 decreases acetylation of tubulin in neurons
The stability of MTs is often associated with changes in PTMs, including tubulin acetylation (Hubbert et al. 2002; Matsuyama et al. 2002) . To determine whether gp120 alters levels of acetylated tubulin (Ac-tubulin) in neurons, primary rat cortical neurons were exposed to gp120 (5 nM) at various time points and Ac-tubulin levels were determined by western blot analysis (Fig. 2) . Quantitation of optical density showed that gp120 promotes a time-dependent decrease in Ac-tubulin immunoreactivity, relative to a-tubulin. The decrease is significant starting at 6 h and remained significant at least up to 24 h (Fig. 2) .
Helix-A peptide reverses gp120-induced tubulin acetylation gp120 relies on a specific a-helical domain to bind directly to TUBB3 and this binding is prevented by Helix-A nano, a peptide that, when cross-linked to mesoporous silica nanoparticles, penetrates the cell membrane and prevents the binding of gp120 to TUBB3 (Avdoshina et al. 2016b ). Moreover, Helix-A nano inhibits the neurotoxic effect of gp120, measured by shrinkage of microtubule-associated protein 2-positive processes (Avdoshina et al. 2016b) . Therefore, we used Helix-A nano as a tool to test whether binding of gp120 to TUBB3 leads to a decrease in Actubulin. Exposure of cortical neurons to Helix-A nano alone up to 24 h did not change Ac-tubulin levels when compared to control (Fig. 3) . However, co-incubation with Helix-A nano prevented gp120-mediated decrease in Ac-tubulin levels (Fig. 3) , supporting the hypothesis that binding of gp120 to MTs is crucial for the reduction in Ac-tubulin.
HIV-tg rats exhibit decreased Ac-tubulin
Changes in Ac-tubulin by gp120 might be more relevant to explaining HAND neuropathology if they are observed also Fig. 1 gp120 inhibits polymerization of microtubules (MTs). Purified tubulin in reaction buffer was incubated at 37°C in the absence or presence of heat-inactivated gp120 (control), gp120IIIB (50 nM) or paclitaxel (10 lM). Samples were run in duplicates. Assembly of MTs was then measured over 1 h at 1 min intervals at an absorbance of 340 nm using a spectrophotometer. The experiment was repeated twice with comparable results. Fig. 2 gp120 decreases acetylation of tubulin in neurons. Rat cortical neurons were exposed to gp120IIIB (5 nM) for the indicated time points. Control cells were exposed to heat-inactivated gp120. (a) Lysates (1 lg of total protein) were analyzed for Ac-tubulin by western blot using an antibody against acetylated a-tubulin. Membranes were stripped and re-probed with an antibody to a-tubulin and visualized by chemiluminescence as described in Materials and methods. (b) Semiquantification of Ac-tubulin levels (a-tubulin normalized) was performed by densitometric analysis, using ImageJ. Data, expressed as % of control, represent mean AE SEM (n = 4 each treatment). *p < 0.05, **p < 0.01 versus control (One-way ANOVA followed by Tukey test).
in a relevant animal model. To determine Ac-tubulin in vivo, we used HIV-tg rats. These animals express all HIV viral genes except the gag-pol replication genes and exhibits features seen in HIV-positive individuals such as T-cell abnormalities (Reid et al. 2001) , alveolar epithelium dysfunction (Lassiter et al. 2009 ), behavior deficits (Lashomb et al. 2009 ), synaptic-dendritic alterations (Roscoe et al. 2014) , and dopamine dysfunction (Moran et al. 2013) . Moreover, HIV-tg rats express several HIV proteins in the brain, including gp120 (Royal et al. 2012) . Thus, these animals are considered to be an optimal experimental model to study mechanisms of HAND. Ac-tubulin levels were determined in lysates from the cerebral cortex of 5-and 9-month-old rats because there are age-dependent changes in gp120 levels in the brain (Peng et al. 2010) . Significantly lower levels of Ac-tubulin were detected by western blot in HIV-tg rats as compared to age-matched wt at both 5 and 9 months of age (Fig. 4) .
Decreased Ac-tubulin could be a phenomenon related to neuroinflammation that has been described in these animals (Royal et al. 2012) . To determine whether 5-month-old HIVtg rats show evidence of neuroinflammation, microglial morphology and levels of two well-known pro-inflammatory cytokines, IL1b and TNFa, were examined. Microglial morphology was determined using immunohistochemistry with an antibody against Iba-1. Sampling across the somatosensory cortex showed no overt differences in microglia morphology between wt and HIV-tg rats (Fig. 5) .
Moreover, Iba-1 immunoreactive cells displayed a uniform morphology of fine branching with no indication of cells showing thick, shortened processes or an ameboid morphological phenotype in both wt and HIV-tg rats.
Consistent with the absence of a shift in microglia response, mRNA levels for TNFa and IL1b showed no difference in the cortex of HIV-tg as compared to wt control rats (Fig. 6) , supporting a previous report showing no neuroinflammatory responses in young HIV-tg rats (Lee et al. 2015) .
Discussion
Despite the lack of direct infection, neurons remain a prime target for the toxic adverse effects of HIV. Knowledge of the mechanisms whereby HIV causes neurodegeneration is invaluable in understanding HAND-associated neuropathology. Although massive neuronal loss may be responsible for the dementia observed in severe cases of HAND, it appears that neuronal apoptosis is a late event and does not represent the main pathological substrate of asymptomatic or mild HAND (Clifford and Ances 2013) . Furthermore, the relatively rapid onset and progression of neurological decline does not support neuronal loss as the primary cause of HAND. Therefore, HAND more likely reflects a specific Fig. 3 Helix-A nano inhibits gp120-mediated reduction in Ac-tubulin. Primary rat cortical neurons were exposed to heat-inactivated gp120 (control), gp120 (5 nM), Helix-A nano (5 lg/mL), alone or in combination with gp120 for 24 h. (a) One lg of protein was separated on a 4-12% Bis-Tris gel and transferred to a nitrocellulose membrane for western blot analysis of Ac-tubulin as described in the legend of Figure 2 . (b) Optical density was determined using ImageJ. Data are expressed as the ratio of Ac-tubulin relative to a-tubulin. *p < 0.05 relative to control as determined by ANOVA and Tukey post hoc comparison (n = 3 each group).
Fig. 4
Tubulin acetylation is decreased in the cortex of human immunodeficiency virus (HIV)-tg rats. Tissue lysates were prepared from the cortex of 5-and 9-month-old wt and HIV-tg rats. (a) One lg of protein was separated on a 4-12% Bis-Tris Gel and transferred to a nitrocellulose membrane. Membranes were probed with an antibody to Ac-tubulin, stripped and re-probed with a a-tubulin antibody as described in Materials and methods. (b) Optical density of each protein-associated band was determined using ImageJ. Data, expressed in arbitrary units (AU), were calculated as the ratio of Ac-tubulin relative to a-tubulin. Data are the mean AE SEM of 6 animals per group. *p < 0.05 compared to age-matched wt control (Student's t-test).
neuronal dysfunction resulting from the combined effects of several mechanisms. Our data suggest that HIV, through gp120, causes an initial "traumatic" event in axons and dendrites that may culminate in retrograde degeneration and synaptic simplifications seen in HAND.
It is well established that gp120 is internalized by neurons Berth et al. 2015) , binds to mannosebinding lectin (Teodorof et al. 2014) , and is retrogradely transported along the axon to the soma . During axonal transport, gp120 binds with high affinity to the carboxy terminal of at least two neuronal-specific tubulin isoforms, TUBB3 and D2 isoform of TUB a1/b1 (Avdoshina et al. 2016b) . Here, we show that gp120 reduces MT polymerization and acetylation of a-tubulin, suggesting that gp120 binding to MTs results in the destabilization of the cytoskeleton and its function. These results are corroborated by the finding that gp120 decreases the ability of MTs to transport mitochondria (Avdoshina et al. 2016a) in neurons. Abnormal mitochondrial transport has been implicated in the progression of multiple neurodegenerative diseases, including Huntington's (Chang et al. 2006 ), Parkinson's (Wild and Dikic 2010) , and Alzheimer's disease (Anandatheerthavarada et al. 2003) . However, altered mitochondria transport in these diseases is brought about by different molecular and cellular mechanisms. For instance, in Huntington's disease, mutated huntingtin inhibits axonal transport by acting at kinesin-1 motor protein (Morfini et al. 2009) or by interacting with mitochondrial fission GTPase, which regulates mitochondrial transport (Song et al. 2011) . Our data suggest that in HAND, gp120 impairs tubulin function by binding to tubulin isoforms and inhibiting proper assembly of MTs. In this manner, gp120 can then disrupt normal axonal transport that is critical for neuronal maintenance and survival.
In this study, we provide evidence that the HIV envelope protein interferes with normal regulation of the cytoskeleton, both by inhibiting MT polymerization and reducing acetylation of tubulin in neurons. These changes may reduce MT functionality, including trafficking of mitochondria (Avdoshina et al. 2016a) , which is crucial for neuronal survival (Belzil et al. 2013; Franker and Hoogenraad 2013; Nahm et al. 2013) . We also show that lower levels of Actubulin are present in the cortex of HIV-tg rats when compared to wt even in the absence of a concurrent neuroinflammatory response as measured by cytokine production and changes in microglia morphology. Thus, it appears that the alteration in cytoskeleton function observed in our studies precedes the ongoing neuroinflammation that has been previously proposed as one of the mechanisms of HAND. This consideration may explain why HAND still persists even though the antiretroviral therapy has reduced the cases of encephalitis (Gelman 2015) . Thus, we propose that the direct interaction of gp120 with components of the cytoskeleton could significantly contribute to the loss of synaptic connectivity and the slow but progressive neurodegeneration seen in HAND subjects.
Helix-A peptide, which has been shown to displace gp120 from binding to TUBB3, prevents the degeneration of 6 Five-month-old human immunodeficiency virus (HIV)-tg animals do not exhibit increased pro-inflammatory cytokines. Cortical tissues from wt and HIV-tg rat were used to determine tumor necrosis factor alpha (TNFa) or IL1b mRNA levels by real-time polymerase chain reaction (qPCR), as described in Materials and methods. The graph shows the single value for each rat as well as the mean AE SD of the combined data.
neuronal processes as well as improves neuronal survival (Avdoshina et al. 2016b) . In this study, we show that Helix-A peptide reduces the ability of gp120 to decrease Actubulin. Our data provide additional evidence that gp120 binding to TUBB3 promotes neuronal degeneration by disruption of MT stability. The role of decreased Ac-tubulin in the overall neurotoxic effect of gp120, however, is, at present, only speculative. Although acetylation of tubulin is frequently associated with stable MTs, acetylation itself does not stabilize MTs (Haggarty et al. 2003) . Nevertheless, acetylation at Lys 40 of a-tubulin plays a role in recruiting molecular motors such as kinesin-1 and dynein/dynactin (Reed et al. 2006; Dompierre et al. 2007) , suggesting that acetylation of tubulin activates both anterograde and retrograde trafficking. Whether gp120 inhibits kinesin-1 or other molecular motors still remains a question. In addition, tubulin acetylation may decrease binding of tubulin-associated proteins, such as Tau, which affects microtubule polymerization in neurons. (Popov et al. 2001; Fauquant et al. 2011; Janning et al. 2014) . Clearly, this is a complex mechanism that warrants further investigation.
